Abstract
Introduction

40
Extending the service life of reinforced concrete structures and reducing 41 maintenance costs is one approach in the quest to improve the sustainability of the current 42 infrastructure. For this purpose, different types of organic or carbon-based materials, such 43 as polymers in both fiber or in aqueous forms, are used to improve the toughness and 44 durability of concrete [1] [2] [3] [4] [5] . Polymers that have been used in aqueous or emulsion form polyacrylonitrile (PAN) [7] , polyethylene (PE), polyvinyl alcohol (PVA) [8] , nylon [9] , 49 and carbon fibers [10] .
50
The diversity of such applied materials is because different polymers exhibit better 51 bonding characteristics to cementitious material compared to others. For instance, the 
116
This investigation studies the interaction at the interface between the HCP and a 
Scanning Transmission X-ray Microscopy
139
In order to obtain reference spectra of the fibers, the hybrid and the monofilament 140 fiber were embedded in epoxy and then sectioned to less than 150 nm by using an Ultracut-
141
E Reichert-Jung microtome. The sections were placed on a Cu TEM grid for analysis by
142
STXM at the Advanced Light Source (ALS). Cement paste/fiber composite specimens were 143 prepared and cast into 2.54 × 2.54 cm plastic cylinders, and cured for 7 and 28 days. The
144
water to cement ratio (w/c) was set to 0.5, and the volume of fibers was 1%. After 7 or 28 145 days of curing at 21ºC and 100% R.H., the cylinders were dried in a dessicator in vacuum
146
for 12 hrs and then were sliced using a diamond saw in order to obtain slices 1 mm thick or 147 less.
148
From these slices, two types of samples were prepared. In the first case, the slices 149 were directly embedded in epoxy and then microtomed. In the second case, the slices were to the smallest three aggregate sizes specified by ASTM C 1260 renormalized to 100%.
192
The w/c ratio was set to 0.47, a sand-to-cement ratio of 2.25, and a fiber volume of 1% sand-to-cement ratio of 2.25; when fibers were incorporated, a fiber volume ratio of 1% 208 was used.
209
Previous research confirmed that the sand, utilized in this study, to be reactive [33] .
210
To better accommodate the small molds and to not dominate the µCT field of view with 211 aggregates, a sand gradation as specified above was used. The sealed samples were periodically using hard X-ray μCT, which was performed at beamline 8. 
235
Particular attention to the details of the samples at the meso scale is needed to 236 characterize the interface between the core (PP) and the sheath (EAA). Fig. 3 shows STXM
237
OD images from the two types of fibers that were embedded in epoxy, as described earlier.
238
In Fig. 3b , the EAA sheath (~1.7μm) can easily be distinguished from the PP core. The 
244
The C K-edge image stack shown in Fig. 4a was taken from the ROI shown in Fig.   245 3b. Fig. 4a shows the extracted spectra from three regions corresponding to the epoxy, 
Polymer fibers embedded in a cement paste matrix
259
Two approaches were considered when analyzing the embedded fiber in the HCP.
260
In the first case, the samples were obtained by sectioning the embedded fiber in the HCP; 
277
A spectral line scan measured at the Ca L-edge from the fiber core to the HCP shows a 278 spatial distribution that is specific to the components present in the compositite. The line 279 scan can be divided into four regions (Fig. 6b) , and NEXAFS spectra extracted. Regions A similar case is depicted in Fig. 7 where instead of performing a line scan, an 293 image stack was carried out. Fig. 7c shows the three regions where Ca L-edge NEXAFS 294 spectra were extracted and used to obtain a RGB composite image (Fig. 7d) . Focusing on Intensity (a.u.)
E nergy (eV)
core (1) sheath (2) paste ( with the sheath the material that remained bonded with epoxy. Fig. 8b shows an image 314 taken at 349.1 eV from where Ca L-edge spectra were extracted (Fig. 8c) . No Ca was 315 identified on the spectra extracted from the epoxy area, only on the sheath area. areas where the NEXAFS spectra was extracted; and (c) NEXAFS spectra extracted for the 321 three areas representing the Ca rich particle (1) from the HCP paste, the epoxy (2), and the 322 EAA sheath (3).
324
As shown in Fig. 9 , a STXM analysis of a PP fiber obtained from a crushed HCP 325 composite was performed. Two ROI (see Fig. 9a ) were selected in order to perform an 326 image map (Fig. 9b) and a Ca L-edge image stack (Fig. 9d) . The image map was performed 327 (Fig. 9c) at the same area as Fig. 9b ; no Ca was found at the interface (indicated by the 328 arrows) with the PP fiber. Although unhydrated cement paste particles close to the 329 interface, on the epoxy side, but none bonded to the PP fiber is visible. Ca NEXAFS 330 spectra (Fig. 9e) were extracted from the areas indicated in Fig. 9d . Here, no change in the 331 absorption signal is found on either of the two spectra (indicated as core and edge), Additionally, the hybrid fibers tend to agglomerate, preferring to localize in less dense The 3D images illustrated in Fig. 13 , confirm the preferred distribution for each type of 398 fiber, a bundled distribution for the hybrid fiber and the more uniform distribution of PP composites, third-point loading tests were conducted (Fig. 14) . The beams with hybrid 415 fibers stabilized at a higher post-cracking load (~290 kgf) compared to the beams with PP 416 fibers (~140 kgf). After the initial flexure tests, it was observed that the hybrid fibers had 417 not dispersed throughout the sample, tending to stay bundled in a configuration similar to 418 that before mixing (Fig. 15) . showed a significant increase in the toughness and post-cracking stabilized load carried by 457 beams made with pre-dispersed hybrid fibers compared to the beams made with PP fibers. 
